Abstract. In this paper, perturbations of the ionospheric Total Electron Content (TEC) are compared with geomagnetic oscillations. Comparison is made for a few selected periods, some during earthquakes in California and Japan and others at quiet periods in Israel and California. Anomalies in TEC were extracted using Global Positioning System (GPS) observations collected by GIL (GPS in Israel) and the California permanent GPS networks. Geomagnetic data were collected in some regions where geomagnetic observatories and the GPS network overlaps. Sensitivity of the GPS method and basic wave characteristics of the ionospheric TEC perturbations are discussed. We study temporal variations of ionospheric TEC structures with highest reasonable spatial resolution around 50 km. Our results show no detectable TEC disturbances caused by right-lateral strike-slip earthquakes with minor vertical displacement. However, geomagnetic observations obtained at two observatories located in the epicenter zone of a strong dip-slip earthquake (Kyuchu, M = 6.2, 26 March 1997) revealed geomagnetic disturbances occurred 6-7 h before the earthquake.
Introduction
The purpose of this paper is to study (1) capability of GPS measurements as a tool for solid Earth-ionosphere coupling, (2) sensitivity and accuracy of the ionospheric GPS observations and finally (3) to present some case studies with ionospheric Total Electron Content (TEC) and geomagnetic interrelations. We combine both ionospheric and geomagnetic observations in order to detect a precursor prior to earthquakes.
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Sensitivity of ionospheric measurements using GPS observations
GPS is an all-weather, spaced-based radio navigation system, designed and maintained by the U. S. Department of Defence (DoD) for military and civilian purposes. The GPS satellite constellation contains six polar orbits, close to circular with semimajor axis of 26 000 km and period of slightly less then 12 h (Dixon, 1991) . The GPS provides 24-h 3-dimensional positioning and timing. The system uses 28 satellites that have been operated since 1980 by the US DoD. At any given time and location around the globe, a GPS receiver has at least 6 GPS satellites in sight. GPS satellites transmit electromagnetic waves for positioning on two frequencies: L1 (1.57542 GHz) and L2 (1.2276 GHz). The velocity of an electromagnetic wave at the GHz band is frequency dependent in the ionosphere. This enables us to extract the ionospheric TEC along the line of sight, satellite-receiver. The absolute TEC, calculated using GPS is given by (Manucci et al., 1993) .
where T EC is Total Electron content (el/m 2 ), ρ (m) is the distance equal to light velocity c (m/s) multiplied by the difference between time delays measured by the L1 and L2 wave packet, f 1 is the frequency of the L1 wave and f 2 is the second frequency (L2 wave). In order to estimate the sensitivity of the ionospheric GPS method of TEC observations and obtain basic wave characteristics of the TEC perturbations in the ionosphere, calibration of GPS receivers was performed using several permanent stations with various distances between them. For near-zero base line we use two receivers located 50 m apart, Fig. 1a demonstrates the dependency of TEC on time for those two receivers. The natural TEC gradient between such points should be zero; any unmatched measurements are associated with receiver noise or multipath effects. Those two receivers are part of the California permanent GPS network and the data obtained from Scripps Institution of Oceanography (SIO). Typically, daily TEC variation ranges from 10 16 el/m 2 (night conditions) to 10 18 el/m 2 (daylight conditions). Comparison at near-zero baseline (Fig. 1b) shows an artificial average difference of 1.8·10 17 el/m 2 and another sinusoidallike difference with amplitude of 3·10 16 el/m 2 and high frequency noise at the beginning and end of the observations. Observations, using data transmitted by other satellites, show that the sinusoidal-like TEC difference changes independently for each satellite, indicating environmental independent errors (temperature, humidity, etc.), Lanyi and Roth (1988) explained this distinction as P-code offsets and multipath effects. High frequency deviations appear at low elevation angle, at the beginning and the end of observation session, when the satellite rises and sets. This high frequency noise is due to ionospheric effects, which are more pronounced at low elevation where the signal passes through a thick ionospheric layer.
We applied a continuous wavelet transform method (based on the 'Mexican hat' testing function) and calculated the correlation function for the TEC-series of both receivers in the range of 2-50 min. The maximum likeness was found at 36 min scale (Fig. 2a ). For a scale smaller then 25 min the correlation function decreases sharply indicating high frequency noise. For scales larger than 36 min, the correlation function decreases slowly monotonically. Figure 2b demonstrates the decomposed signal from those two receivers using The Mexican-hat wavelet (scale=36-min). A comparison TEC recorded between small distances demonstrates the ul- timate in relative coincidence with an accuracy of 10 13 el/m 2 for quiet conditions, which is around 0.1% of the observed TEC (Fig. 2b ). This calibration has been used for the study of small ionospheric variations. Ionospheric sequences of earthquakes have been examined based on data from the Southern California Integrated GPS Network and two GPS receivers located in Japan. The Israeli GPS network has been used for sensitivity tests.
GPS in Israel (GIL).
GIL is a network of 10 permanent receivers operated and maintained by Tel Aviv University (TAU), Survey of Israel (SOI) and the Israel Space Agency. Distances between sites vary from 30 to 400 km and around 8 satellites are visible simultaneously with the array. An observation from one satellite (PRN 24) was collected using five receivers; TEC was determined using 30 s sampling rate. Discrete wavelet decomposition was applied on the GPS signal based on the Mexican hat wavelet scale at 36 min. The result is presented in Fig. 4 .
In order to estimate the sensitivity of the ionospheric GPS method in determining of TEC observations and to obtain basic wave characteristics of the ionospheric perturbations, a coherency analysis was conducted for two Israeli GPS receivers located at distances from 50 m to 200 km. A comparison between TEC recorded at small distances demonstrates the agreement with an accuracy of 10 14 el/m 2 ; this value is around of 1% of the regular TEC. Data analyses of two remote receivers revealed several travelling ionospheric disturbances (TID). The TID observed with the GPS system were mostly of short duration with 2-3 oscillations. Therefore, usual Fourier analysis is not appropriate, and the following procedure was adopted. We first determined TEC for a 30 s sampling and then performed discrete and continuous wavelet decompositions of the GPS signal based on a short wavelet. Generating a series of TEC maps provides a convenient method for choosing between alternative interpretations of observed TID. We tried to detect disturbances with velocities of more than 20 km/min. If we extract such waves we should find every reason to explain them in terms of the slow hydromagnetic waves "loaded by neutrals" and propagating in the partially ionised ionospheric plasma (Piddington, 1955; Sorokin and Fedorovich, 1982; Alperovich and Zheludev, 1997) . In general, we attribute the main wave background of TEC disturbances to regular acoustic and acoustic-gravity waves. However providing an explanation for the TID is beyond the scope of this paper.
The methodology outlined in this section for tracing of a TID is simple and robust. We examine filtered time-series of ionospheric TEC obtained by different receiver-satellite pairs. We compute the projection of a satellite-receiver line to the 300 km height for each visible satellite. Then we compare time-delays between maxima of the same wave trains as seen by each satellite-receiver pairs. Knowing the time-delay and the relative distance between the respective points on the reference height (300 km) enables us to define the horizontal velocity of a TID. Figure 5 shows results of the satellite trajectory mapping onto the reference level (300 km). Asterisks represent the location of the receiver.
GPS and geomagnetic measurements prior two strong earthquakes
Southern California Integrated GPS Network (SCIGN). SCIGN provides continues regional coverage of GPS observations throughout Southern California. The network contains more than two hundred stations. We examined TEC data obtained from SCIGN network during the 16 October 1999 M7.1 Hector Mine Earthquake, which occurred at 10:46 GMT. Because the earthquake was right-lateral strike-slip with minor vertical displacement, we did not expect to obtain any ionospheric reaction. Indeed, checking the three satellite observations taken by the BBRY site during the day of the Hector Mine earthquake yielded no significant ionospheric response that could be related to the earthquake.
Data from October determined the TID that originated from an eastward zone and moved from the northeast to the southwest, with velocity of 10 km/min across the epicentral zone (Figs. 3a and b) . We used observations from two satellites and several SCIGN selected sites. All selected sites observed the variation in the signal of satellite 15 at 6:30 GMT (Fig. 3a) . The shifts of the TID maximum and the distance between sites provide the information regarding the direction and velocity of TID propagation. The same TID, recognizeable by its shape, was observed by satellite 16 one and a halfhours after satellite 15 s observations. The signal amplitude was reduced from 2.5·10 14 el/m 2 for the first observation to 0.5·10 14 el/m 2 for the second observation.
Study of TEC during the 17 January 1994 Northridge, CA earthquake, which was blind thrust displacement, shows ionospheric response as a wave with frequency and phase velocities that are consistent with acoustic-gravity waves excited by seismic source (Calais and Minster, 1995) . These results confirm the hypothesis for acoustic-gravity waves as an efficient link between solid Earth-atmosphere-ionosphere. Japan 1997. We tailor our wavelet methods to ensure that an earthquake produced TID actually exists in the TEC wave perturbations. We study data from two Japanese GPS receivers (tskb: 36.1 • N, 140 • E; usud: 36.1 • N, 138 • E) after and before two strong earthquakes (M = 6.2, 26 March Five satellites were observed using the TSKB receiver (Fig. 6a) (Fig. 6a) show that no simple relation can be found between ionospheric and geomagnetic variations. Since the correspondence between ground geomagnetic perturbations and the TEC variations has not been examined so far, more detailed analyses for both geomagnetic and ionospheric data are needed to separate magnetospheric, ionospheric and geotectonic-related anomalies. Figure 7 shows filtered magnetograms obtained at Kanoya (Figs. 7c and d) and Kagoshima (Figs. 7a and b) observatories at 26 March 1997. The filtration was obtained using the wavelet 'Mexican hat' with 50 s scale. Strong magnetic pulse is seen at 00:57 UT and at 01:53 UT at Kagoshima magnetometer. The same pulse reduced in amplitude and shifted in time is seen in the Kanoya magnetogramas.
Discussion and conclusions
Analysis of GPS data from the dense California Integrated GPS Network revealed background 10-15 min wave trains propagating with velocity of 10 km/min. Consequently, TID has been revealed and traced with intensity of 10 13 −10 14 el/m 2 . The average value of the coherency radius of the TEC disturbances is ≈ 50-100 km.
A reverse faulting earthquake demonstrates ionospheric response to earthquake. The main contribution to the TEC is from a region with maximum electron density of about 300 km. Otherwise; small atmospheric disturbances reaching these heights can be transformed into shock waves (Romanova, 1975) . Thus, the GPS method, based on phase measurements, works quite well with atmospheric energy releases associated with large-scale atmospheric perturbations. An earthquake with strong vertical displacement of the Earth's surface can produce plane waves in the neutral atmosphere propagating upward. Study of the TEC during the 17 January 1994, Northridge, CA earthquake, which was reverse faulting, shows ionospheric response (Calais et al., 1998) . The signal amplitude was ≈ 10 14 el/m 2 .
We also examined ionospheric disturbances, around the time of the strong Californian earthquake (M = 7.1, Hector Mine earthquake), with lateral tectonic motion but without essential large-scale vertical motions. GPS observations do not show any anomaly associated with the quake.
Perturbations of the vertical electric field, if they occurred, could cause ionospheric anomalies but only in the D-layer (Alperovich and Fedorov, 1998) and the impact on the TEC is insignificant. Careful examination of the TEC based on the wavelet technique and comparison of filtered data of different simultaneous GPS selected sites, has not reveal any TEC perturbations (running away) from the ionosphere above the epicenter zone preceding an earthquake.
On the other hand, geomagnetic observations obtained at two observatories, located essentially in the epicenter zone and spaced 25 km apart, have revealed two successive pulses 6-7 h ahead of the earthquake in Kyuchu (M = 6.2, 26 March 1997). However, geomagnetic observations preceding another earthquake, with the epicenter in the same place (Kyuchu, M = 6.2, 13 May 1997), have not demonstrated any detectable anomalies.
The reason why the pulses were not observed during the second earthquake, which occurred in the same place, may be due to their distinct depths. The hypocenter of the first quake was at a depth of 30 km and the second at 16 km. At first glance it might be thought that the second should also generate the same pulses. Moreover, due to the proximity to the ground surface, the magnetic signal should be of high intensity. This is incorrect since the both earthquake sources are centered in regions with essentially different conductivity. There is a deep minimum of geoelectrical resistivity, at a depth of 15-20 km, reaching tens of Ohm·m in 'hot' areas with intensive heat fluxes (or in a zone with high tectonic activity) (Vanyan, 1997) . In contrast, the depth of 30-50 km is characterized by the high resistivity of hundreds of Ohm·m. Leaving aside the question of generation of such impulses (Gershenzon and Gohberg, 1994; Molchanov and Hayakawa, 1998 ) the availability or lack of magnetic pulses can in principle be explained by propagation conditions. The source of the second quake is located in the high conductive layer surrounded by the low conductive medium. On the other hand, the situation of the first earthquake is a low conductive waveguide with high conductive walls. An electromagnetic wave can propagate here as a 'diffusive' wave with low velocity and high damping.
Wavelet analysis of Kagoshima and Kanoya magnetic records yielded, at both sites, two successive pulses of the same shape with 3.2 min and 6.8 min time delays, respectively. The distance between the two observation points is about 25 km. Hence, we estimate the horizontal wave velocities of the pulses as 8 km/min and 4 km/min. Figure 7 also shows that the intensity of the pulses is strongly dependent on the distance. It follows, from the Fig. 7 , that the attenuation rate α is 0.1 km −1 .
The pulses manifest themselves predominantly in the Hcomponent. Taking into account the relative locations of the observation points and the epicentre of the first quake, one can see that the wave propagated from the epicentre via Kagoshima to Kanoya with a strong longitudinal magnetic component. Let us consider the damping coefficient α for an H -wave propagating in the waveguide with rectangular cross-section of sides a and b. For the magnetic-type wave H n1,n2 (n 1 , n 2 = 1) we have (Landau and Lifshitz, 1984) .
where k x = n 1 π/a, k y = n 2 π/b, k z are the wave numbers along the waveguide axis, κ 2 = ω 2 /c 2 − k 2 z , c is the speed of light, and ζ is the surface impedance of the surrounded media
Here, σ is the specific conductivity (s −1 ). Let for simplicity neglect second and third terms. Then
and for thickness of the waveguide we have
Assuming that the horizontal velocity of the wave is ≈ 10 km/min, the oscillation period is of ≈ 1 min; then the wave number k z = 0.6 km −1 . The conductivity of the walls is 5·10 8 s −1 (Vanyan, 1997) . We find that b ≈ 100 km. We conclude that the observed characteristics of the impulse can be interpreted merely as a result of propagation of the electromagnetic wave in a waveguide of about 100 km thickness.
Confirmation, that the discovered impulses are natural and non man-made, was given by thorough wavelet analysis of magnetograms for half the 1997 year at both the Kagoshima and the Kanoya observatories. We tried to find impulses, as discussed above, appearing simultaneously at these sites to exclude the artificial interference field source. These impulses are unique in this sense.
It appears reasonable that, among the remaining local disturbances, there are industrial electromagnetic noise and impulses produced by an earthquake. We developed and tested (Alperovich et Figure 7: Two sequence pulses observed simultaneously by Kagoshima and Kanoya ob at March 26, 1997. The time delay between the first pulse fixed by the both observator min, and for the second pulse is 6.8 min. The distance between the two observation points 25 km. Thus, the horizontal velocities are ≈8km/min and ≈4km/min. [nT]
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-GMT--GMT- Fig. 7 . Two sequenced pulses observed simultaneously by the Kagoshima and Kanoya observatories at 26 March 1997. The time delay between the first pulse fixed by the both observatories is 3.2 min, and for the second pulse is 6.8 min. The distance between the two observation points is about 25 km. Thus, the horizontal velocities are ≈ 8 km/min and ≈ 4 km/min.
wavelet approach that solves two related problems: (1) Classification of geomagnetic signals produced by underground and magnetospheric sources. (2) Detection of the presence of earthquake-caused signals in the ground-based magnetograms. We have analyzed 0.5-year records of the geomagnetic pulsations at Kagoshima and all earthquakes in a radius from 50 to 1000 km with their center in Kagoshima. It has been found that there is specific class of short 1-min wave trains preceding earthquakes in the 100 km radius. From the results of these tests and the analysis outlined above, we conclude that the strong localized magnetic surges should be considered as a geomagnetic signature of an underground seismic source. In summary, we believe that joint geomagnetic-TEC analysis can illuminate potential pitfalls in methods for retrieval of ionospheric and electromagnetic disturbances associated with an earthquake. Such observations may lead to the development of a new approach to avoid these pitfalls and take full advantage of the electromagnetic methods of earthquake predictions.
